Changes in morphology, metabolism, myosin heavy chain gene expression, and functional performances in damaged rabbit muscles with or without transplantation of primary satellite cells were investigated. For this purpose, we damaged bilaterally the fast muscle tibialis anterior (TA) with either 1.5 or 2.6 ml cardiotoxin 10 −5 M injections. Primary cultures of satellite cells were autotransplanted unilaterally 5 days after muscle degeneration. Two months postoperation, the masses of damaged TAs, with or without transplantation, were significantly larger than those of the controls. Furthermore, damaged transplanted muscles weighed significantly more than damaged muscles only. The increase in muscle mass was essentially due to increased fiber size. These results were independent of the quantity of cardiotoxin injected into the muscles. Maximal forces were similar in control and 2.6 ml damaged TAs with or without satellite cell transfer. In contrast, 1.5 ml damaged TAs showed a significant decrease in maximal forces that reached the level of controls after transplantation of satellite cells. Fatigue resistance was similar in control and 1.5 ml damaged TAs independently of satellite cell transfer. Fatigue index was significantly higher in 2.6 ml damaged muscles with or without cell transplantation. These changes could be explained in part by muscle metabolism, which shifted towards oxidative activities, and by gene expression of myosin heavy chain isoforms, which presented an increase in type IIa and a decrease in type I and IIb in all damaged muscles with or without cell transfer. Under our experimental conditions, these results show that muscle damage rather than satellite cell transplantation changes muscle metabolism, myosin heavy chain isoform gene expression, and, to a lesser extent, muscle contractile properties. In contrast, muscle weight and fiber size are increased both by muscle damage and by satellite cell transfer.
INTRODUCTION
In addition, numerous studies have shown that transplanting muscle precursor cells into muscle in regeneration contribute myonuclei to muscle fibers both close It has been known for a long time that skeletal muscles, either minced or sliced, can be grafted with success to and far from the injection site [(44); for review, see (33)]. to produce a well-structured functional tissue (12, 13, 21, 46) . In contrast, transplantation of cultured adult my-Injury to skeletal muscle, either experimentally induced or occurring as a pathological or a traumatologi-oblasts (satellite cells), performed mainly to evaluate its potential as a therapy for hereditary muscle diseases, has cal process, is followed by proliferation and fusion of satellite cells leading to regeneration of the damaged tis-been much less efficient. Sufficient experimental data from mice or human assays are now available to recog-sue (11). These mononucleated myogenic cells lie between the plasma membrane and basal lamina that en-nize problems specific to myoblast transplantation [for review, see (43)]. These concern survival of transplanted sheaths each muscle fiber (31) . They are mitotically quiescent in normal adult muscle, but can survive mus-cells (38) , immune responses (26, 47, 52) , and the use of specific populations of muscle-derived cells (6, 35, 37) . cle injury and respond to muscle trauma or degeneration by entering the cell cycle in response to the release of cardiotoxin 10 −5 M to induce regeneration. On day 7-8, the primary cultured satellite cells were transplanted into endogenous mitogens from traumatized muscle (7) (8) (9) . However, its has been shown recently that nonmuscle the left TA of the rabbit from which they originated (autotransplantation). The right side received culture me-cells such as bone marrow-derived precursors participate via circulation in muscle fiber regeneration (22) . dium and was used as the control. Animals were divided into three groups: group 1 rabbits received a bilateral A wealth of literature on regeneration of muscle fibers following damage includes the use of toxins, anes-injection of 1.5 ml (i.e., roughly half TA muscle mass) of cardiotoxin and satellite cell transplantation (n = 6); thetics, and mechanical injuries [for reviews, see (24, 34, 41, 50) ]. In all situations the process involves myolysis, group 2 rabbits received a bilateral injection of 2.6 ml (i.e., TA muscle mass) of cardiotoxin and satellite cell phagocytosis of necrotic fibers, proliferation and fusion of satellite cells into multinucleated myotubes, revascu-transplantation (n = 9); group 3 rabbits were unoperated; the TAs of these rabbits were not manipulated (n = 8 larization, and reinnervation of newly formed muscle fibers. However, the extent of each process as well as the muscles from 4 rabbits). Cardiotoxin (Latoxan, Valence, France) was injected success of regeneration varies with the nature of the injury. In this work, we have used the Naja nigricollis as 10 −5 M solution in 0.9% sterile NaCl according to d'Albis et al. (17) under general anesthesia. A longitudi-myotoxic drug cardiotoxin, which has been shown to induce degeneration of both fast-and slow-twitch mus-nal incision was made in the skin overlying the TA, which was exposed. Cardiotoxin was injected via a 26-cles (15,17), to study the effects of muscle damage with or without transplantation of primary cultured satellite gauge needle mounted on a 3-ml syringe in 8-10 different points of the muscle to degenerate the TA. cells on muscle performances.
Few studies have evaluated the effects of myoblast Satellite cell transplantation was done under general anesthesia immediately after cell harvest. TAs were ex-transfer on the mass and functional capacity of regenerated skeletal muscle (18, 27, 51) . Most of the positive re-posed and 300-750 µl of DMEM (right TA) or cell suspension (left TA) was injected into the muscle body. sults have been obtained in the mouse and may be attributable to its small absolute size or to the delicacy of its Cells were transplanted with a 250-µl Hamilton 1750 Syringe via a 51 mm, Point Style 4, RN 24 G needle perimysia by comparison to other species studied such as the rat (33). In this study, we worked on the rabbit using a PB600-1 Repeating Dispenser. This device allowed us to inject the cell suspension in 60-150 points and we examined the effects of satellite cell transfer on the properties of regenerated tibialis anterior by electro-(5 µl each) along the TA body. The number of transferred satellite cells varied from 2 to 50 × 10 6 cells (av-physiological, immunohistological, biochemical, and molecular biology techniques. These studies were done erage = 11.2 ± 3.9 × 10 6 ), with 12 transfers (out of 15) ≤12 × 10 6 , 1 at 20 × 10 6 , 1 at 40 × 10 6 , and 1 at 50 × 10 6 . on two series of animals, after damage consecutive to injection of two different quantities of cardiotoxin. Un-
The two groups (1.5 and 2.6 ml damaged TAs) were transplanted with similar number of cells (i.e., roughly der our experimental conditions, results show that muscle damage rather than satellite cell transplantation changes 2-3 the number of host SC). muscle metabolism, myosin heavy chain isoform gene Primary Cultures of Satellite Cells expression, and, to a lesser extent, muscle contractile properties. In contrast, muscle weight and fiber size are Primary satellite cell cultures were obtained as previously described (5) . Cells were isolated from the semi-increased both by muscle damage and by satellite cell transfer.
membranosus accessorius muscle (almost 100% type II fibers). Briefly, muscle fragments were dissociated into MATERIALS AND METHODS bundles under sterile conditions, rinsed in PBS, and Surgical Procedures minced with scissors. The muscle fragments were then incubated in 0.15% Pronase (Sigma) in Ham's F12 This study was carried out on male New Zealand white rabbits from our own breeding. All surgical experiments (Sigma) supplemented with 10% fetal calf serum (Gibco) for 2 h at 37°C. The cell suspension was centri-were performed under aseptic conditions. Three-monthold rabbits (2.6-2.8 kg) were anesthetized with sodium fuged at 90 × g for 3 min. The supernatant was then centrifuged at 450 × g for 20 min. The pellet was resus-pentobarbitone (Nembutal, 30 mg/kg, IV) plus ketamine (Imalgène 500 or Ketalar 50, 15-20 mg/kg, IV). pended in DMEM (Sigma) and centrifuged again. This procedure was repeated three times and the final cell The different steps of the surgical procedures were as follows. On day 0, 3-g fragments of the semimembrano-pellet was diluted in complete medium [80% DMEM, 20% fetal calf serum (Sigma), containing glutamine and sus accessorius muscle were removed bilaterally and their satellite cells were cultured. On day 3, the two tibi-penicillin]. Cells were plated at a density of 2 × 10 3 cells per cm 2 alis anteriors (TAs) were injected with a solution of on 100-mm gelatin-coated dishes and maintained at dissected free of surrounding tissues. Adjacent muscles (extensor digitorum longus and peronei) were tenotom-37°C in a water-saturated atmosphere containing 5% CO 2 in air. They were washed after 3 days.
ized to suppress artefacts in the analysis of the contractile TA properties. The distal tendon of the TA was Cultured satellite cells (more than 90% desmin-positive cells) (5) were harvested at day 7-8. They were attached by a surgical suture (Flexocrin 3-0) to a strain gauge transducer that measures the forces exerted by rinsed twice with PBS, then detached from the petri dishes by incubation in 0.25% trypsin/1 mM EDTA. An muscle contractions. The force transducer and its electronic amplifier (Captels SA, Saint Mathieu de Treviers, equal volume of DMEM plus 20% horse serum was added on ice to inactivate trypsin and cells were col-France) were connected to an analog-to-digital converter (Minipod 100, Krenz Electronics). SoftScope and Soft-lected by centrifugation at 450 × g for 5 min. They were rinsed twice with DMEM and the final pellet was resus-Logger (Computer Instrumentation Ltd) allowed us to record data on a PC-compatible computer (10) . pended in 300-750 µl DMEM according to the number of satellite cells. They were kept on ice until transfer.
The muscle was stimulated via a bipolar electrode placed around the tibialis nerve and connected to a stim-Immunohistochemical Characterization of Regeneration ulator delivering a square current of 300 µs pulse width. and Analysis of Muscle Fiber Area
Muscle temperature was maintained at 35°C throughout For immunochemical analyses, unfixed muscles were the measurements. The following parameters were evalfrozen in CO 2 -cooled isopentane. Transverse sections 12 uated: L 0 (optimal muscle length for tension development); µm thick were cut in a cryostat. The expression of V 0 (minimal current to obtain muscle contraction); V max MyHC isoforms was detected with monoclonal antibod-(maximal current to reach a plateau of contraction); F max ies (IgG) raised against embryonic (11H7), perinatal (in N) at V max , 80 Hz stimulating frequency; fatigability (also called fetal or neonatal; 4C10), adult fast (14G2) (5-min repetitive contraction, voltage V max , frequency 40 and adult slow (8H8) myosins (30) . Monoclonal anti-Hz, on/off period of 2 s/2 s, respectively). Fatigability body to merosin laminin alpha 2 chain, used as muscle was evaluated using the fatigue resistance index expressed basal lamina marker, was purchased from Novocastra.
as final tetanic tension/initial tetanic tension. After eval-Sections were incubated first with the different antiboduation of contractile properties, muscles were weighed. ies for 30 min at 37°C, followed by fluorescein-conju-Samples for immunohistochemistry were taken from the gated goat anti-mouse IgG (Cappel Laboratories) for 30 third distal part and cut immediately. Those for biomin at 37°C. Incubation of antibodies was in PBS/BSA chemical analyses were stored at −75°C until assayed. (10 mg/ml) and all washes were in PBS. Sections were Enzymatic Characterization further stained with propidium iodide or with the nuclear of Muscle Metabolic Properties dye Hoechst B2883. Stained sections were mounted in glycerol containing 1 mg/ml paraphenylenediamine and
To detect metabolic alterations of the operated TAs, the activities of two enzymes were assayed because of viewed with fluorescein optics with a Zeiss Axiophot microscope.
their importance in the principal metabolic pathways: NADP isocitrate dehydrogenase (ICDH; EC 1-1-1-42) For analysis of muscle fiber area, several fields of muscle cross section stained with merosin antibody were for the citric acid cycle and fructose1-6 diphosphate aldolase (aldolase; EC 4-1-2-13) for the glycolytic pathway. microphotographed (×10) at random on color slides, scanned, and viewed with Mac Draft software. About Frozen muscles previously thawed on ice were homogenized in ice-cold 50 mM Tris-HCl buffer (pH 7.4) 250 individual muscle fibers were digitalized for each muscle section and their area was expressed in µm 2 . The (1:10 dilution). The homogenates were centrifuged at 4°C for 30 min at 20,000 × g and enzymatic assays were relative frequency distributions were then calculated and plotted.
performed on supernatants at 37°C on a Uvikon 930 recording spectrophotometer (Kontron Instruments). ICDH
Analysis of Muscle Contractile Properties
was assayed in 0.1 M triethanolamine buffer (pH 7.5), 52 mM NaCl, 4.6 mM DL-isocitric acid, 0.12 M MnSO 4 , The analysis of contractile properties was performed and 9.1 mM NADP. The kit ALD MPR3 UV-Test (Boeh-2 months after transplantation of satellite cells under ringer Mannheim) was used for aldolase determination. general anesthesia. Rabbits were perfused with glucose 5% during the experimentation. An incision was made Biochemical Characterization of Myosin on the skin overlying the common peroneal nerve, which Heavy Chain Isoforms was exposed and gently dissected. The paw of the rabbit was immobilized by a pin through the femur fixed to a Myosin was prepared according to d'Albis et al. (16). Briefly, small pieces of frozen muscles previously thawed device screwed on the operation table, thus avoiding any movement of the leg. The TA muscle was exposed and on ice were washed in five volumes 20 mM NaCl, 5 mM sodium phosphate, 1 mM EGTA (pH 6.5). Myosin tive abundance of target transcripts when separated on 1% agarose gel and stained with SYBR Green I (Molec-was extracted in three volumes 100 mM sodium pyrophosphate, 5 mM EGTA, 1 mM dithiothreitol (pH 8) ular Probes). The signals were then quantified by Phosphorimager (ImageQuant/Storm). and centrifuged at 10,000 × g. The supernatant containing myosin was diluted with 1 volume glycerol and Statistics stored at −20°C until use.
All data are presented as means ± SEM, with num-Myosin heavy chains (MyHC) were separated in 8% bers of rabbits given in parentheses. To test for statistipolyacrylamide slab gels, in the presence of 0.4% SDS cally significant differences in functional parameters and 30% glycerol (48) . Electrophoresis was carried out (force and fatiguability), metabolism, and MyHC isoat 70 V for 28 h in a cold room (4) . Myosin heavy chain forms proportions, we used the nonparametric test of isoforms were stained with the Bio-Rad Silver Stain Wilcoxon (StatView, Abacus Concepts Inc.). The rela-Plus kit according to the manufacturer's instructions.
tive frequency distributions of muscle fiber areas were Gels were scanned with Adobe Photoshop/MagicScan analyzed by factorial correspondence analysis and chisystem and the relative amounts of the different MyHC square tests (Statistica, Statsoft). were quantified with NIH Image using an Apple Macintosh computer.
RESULTS

Analysis of MyHC Isoform mRNA Using Muscle Morphology the Polymerase Chain Reaction
Two months after induction of muscle degeneration, regeneration was almost achieved. As shown in Table 1 , Oligonucleotide sequences used for PCR detection of the adult rabbit slow MyHC I (type I) and the fast MyHC regenerated muscle weights were significantly higher than controls, independent of the quantities of cardio-IIb and MyHC IId/IIx mRNA transcripts were those previously used (5) . Sequences used for detection of MyHC toxin injected, and transplantation of satellite cells further increased significantly the weights of regenerative IIa transcripts were those described by Peuker et al. (36) . In addition, we developed oligonucleotide sequences muscles. In addition, we observed a significant increase in cross section area of muscle fibers (Table 1 ). Treat-that amplify a 633-nt segment of the rabbit MyHC embryonic partial sequence. The primers were 5′-GACT ments of TAs with cardiotoxin resulted in an approximately twofold increase in mean cross section area com-CAAAGGAGGAATATGCC (forward primer) and 5′-AATGGATGCGGATGAACTTGC (reverse primer). The pared with controls, and the transplantation of satellite cells into these cardiotoxin-treated muscles led to an specificity of the transcript was verified by sequence analysis of the amplified fragment. It corresponds to a even higher mean cross section area. The mean relative frequency distributions of muscle part of the sequence already submitted by Jaenicke and Goldspink (accession No. Z34849). Reverse transcrip-fiber areas have been plotted for each treatment in the 1.5 and 2.6 ml groups ( Fig. 1, upper panel) . The popula-tion of total RNA was performed by using a First Strand cDNA Synthesis Kit (reverse transcription system, Pro-tion of muscle fibers shifted towards increasing fiber sizes in the regenerated muscles after cardiotoxin treat-mega). cDNA were synthesized with random primers. Samples of cDNA were amplified by PCR kit (PCR ment in both 1.5 and 2.6 ml groups. This shift was even more pronounced after transplantation of satellite cells, Core System, Promega) under the following conditions: 30 cycles (MyHC IIb and MyHC I), 33 cycles (MyHC particularly in the 1.5 ml group. In addition, the dispersion of frequency distributions was greatly increased in Emb), and 35 cycles (MyHC IIa and MyHC IIx) with a denaturing temperature of 94°C for 30 s, an annealing regenerated muscles compared with controls. With factorial correspondence analysis, it is possible to present temperature of 55°C for 1 min, and an extension step at 72°C for 2 min. A final 10-min extension at 72°C was all information about the similarities between the different muscle samples (individual frequency distribution of done.
The QuantumRNA 18S Internal Standards kit (Am-muscle fiber areas in the present case) in a simple twodimensional graph and to visualize the results for each bion) was used to analyze RNA levels of muscle samples. Classic 18S rRNA primers (product size 488 bp) individual submitted to different treatments. Factorial correspondence analysis of data shows that individual were used at a 3:7 ratio to 18S PCR competimers for MyHC IIa, IIb, and IIx. Alternate 18S rRNA primers distributions form clearly distinct populations (controls, cardiotoxin treated, and cardiotoxin + satellite cells; Fig.  (product size 324 bp) were used at a 3:7 and 2:8 ratio to 18S PCR competimers for MyHC I and MyHC Emb, 1, lower panel). The projection of the different muscle samples in the plane defined by the two first factorial respectively. Multiprimer amplification of target and endogenous internal control cDNAs enabled a direct com-axes (1 × 2) explains 81.7% and 70.3% of the total inertia in the 1.5 and 2.6 ml groups, respectively. Projection parison between multiple samples by measuring the rela- Values are means ± SEM. For each row, means with different letters are significantly different (p < 0.05).
of the histogram classes in the same plane indicates that significantly with the activity of ICDH. In conclusion, the increase in muscle fatigue resistance in 2.6 ml dam-the first axis opposes the large fibers to the small ones. Chi-square tests show that there is a strong dependency aged TAs might be explained partly by a shift in their metabolic properties from glycolytic to oxidative char-between treatments and histogram classes. The mean distributions of muscle fiber areas were significantly dif-acter of the muscles. ferent between treatments (control versus cardiotoxin
Expression of Myosin Heavy Chain Genes and cardiotoxin + satellite cells, or cardiotoxin versus
To further study the changes in muscle functional cardiotoxin + satellite cells, p < 0.001).
properties, myosin heavy chain gene expression was Muscle Contractile Properties assessed by immunohistology to determine qualitative MyHC isoform modification, by SDS-polyacrylamide Muscle maximal forces (F max ) and fatigue resistance gel electrophoresis to evaluate the relative proportions were measured on the devices developed and adapted of the different MyHC isoforms, and by semiquantitafor the rabbit in our laboratories. Table 1 shows that tive RT-PCR for their mRNA expression. Figure 2 prethe mean F max recorded was similar in all experimental sents immunological staining of sections from control muscles except for a lower mean value for the right TAs and damaged TAs transferred with satellite cells. Conof the 1.5 ml group of rabbits, which did not receive trol TAs were characterized by the occurrence of MyHC satellite cells. Thus, under our conditions of F max record-I-stained fibers, in addition to MyHC II staining. In coning, transfer of SC is beneficial only when TAs were trast, both 1.5 and 2.6 ml damaged muscles behaved degenerated with a low quantity of cardiotoxin. Fatigue identically as characterized by the absence of MyHC I resistance was significantly higher in the 2.6 ml group isoform. None of the developmental isoforms was deof rabbits compared with the control and with both right tected. Furthermore, merosin staining clearly illustrates and left muscle of the 1.5 ml group. Thus, considering the larger size of damaged fibers compared with conthe fatigue index, muscles damaged with the largest voltrols. ume of cardiotoxin presented a higher resistance to fa- Table 3 represents the percentages of MyHC isotigue than control or 1.5 ml damaged muscles. However, forms in control or operated muscles as deduced from in all cases, satellite cell transfer did not change the rethe different gels (not shown). The percentages of type sults.
I and type IIb MyHC decreased significantly in all dam-Muscle Metabolism aged muscles while those of type IIx were significantly lower in the 2.6 ml-treated group only. In contrast, the To relate the changes observed in fatigue resistance and the metabolic properties of muscle fibers, enzymatic proportions of type IIa were significantly higher in both groups of damaged muscles. In all cases, results were activities of aldolase (glycolytic pathway) and ICDH (citric acid cycle) were assayed. Table 2 shows that, not modified by cell transplantation. Figure 3 illustrates the results of Phosphorimager RT-compared with controls, there were no striking changes in the activities of the two enzymes, except a signifi-PCR analyses of embryonic and adult MyHC mRNA transcripts as stained by SYBR Green. Histograms plot cantly lower activity of aldolase in the right and left TAs of the 1.5 ml group and a significant increase in ICDH the relative quantities of MyHC transcripts expressed as percentage of control and corrected for variations in the activity in the TAs of the 2.6 ml group. It is noteworthy that the ratio aldolase/ICDH, which is used as an index amount of RNA loaded on each track using internal 18S expression. These results complete, in terms of semi-of metabolic type of the tissue, varied in parallel and quantitative MyHC gene expression, those obtained by Lane 2 confirms that MyHC I gene is barely expressed even 2 months after regeneration. In both right and left SDS-PAGE electrophoresis, which gave the relative proportions only of each of the MyHC isoforms. As shown TAs of each regenerated group, expression of MyHC I transcript corresponded roughly to 25% of that of con-in Figure 3 (lane 1) , none of the damaged muscles expressed MyHC embryonic transcripts, in contrast to 15-trol. MyHC IIa expression differed between the 1.5 ml and 2.6 ml groups. Compared with control, it increased day regenerated muscles used as positive control. Thus, the lack of expression of a developmental MyHC iso-to more than 150% in the former and decreased to 80% in the latter. MyHC IIx expression did not change in the form transcript confirms that muscle regeneration was nearly complete in both groups of damaged muscles.
1.5 ml degenerated group. In contrast, it differed in the 2.6 ml group with extreme values of 250% and 50% of muscle fibers are not (or not yet) reinnervated by slow motoneurones, or are reinnervated by fast motoneu-controls in the right and left TAs, respectively. Expression of MyHC IIb transcripts was weak under our PCR rones. It is well known that type I muscle fibers are more resistant to reinnervation than type II fibers. Thus, conditions and values from operated muscles were lower than those of control TAs in almost all cases.
it has been known for a long time that the very incomplete transformation produced by cross-reinnervation of DISCUSSION slow-twitch muscles is in marked contrast to the almost complete transformation usually observed on cross-rein-It has been recently shown that skeletal myoblast transplantation improves in vivo local performances in nervated fast-twitch muscles [(19,20) ; for review, see (28) ]. The data of semiquantitative RT-PCR show two injured or infarcted myocardium (3, 42, 49) . However, few studies have evaluated the effects of myoblast trans-general patterns of MyHC expression. Compared to controls, the first corresponds to a decrease in type I and fer on the mass and functional capacity of regenerated skeletal muscle (2, 18, 27) , and to our knowledge none of type IIb MyHC, and the second to an increase or a similar level of MyHC IIa and IIx expression. These results them concern large mammals. In this study done on rabbits, we thus examined the changes in muscle morphol-indicate a shift in MyHC gene expression corresponding to installation of a new type of innervation. The signifi-ogy, metabolism, myosin heavy chain gene expression, and performances brought about by muscle damage, cant decrease in MyHC I and IIb expression might signify a lack of muscle fiber innervation by motoneurones with or without satellite cell transfer.
Muscle degeneration was induced with cardiotoxin, specific for these types of fibers. Regenerated muscles of both groups presented highly which has been shown to affect both fast-and slowtwitch muscles in a dose-dependent manner (15,17). We significant larger weights and fiber areas than controls (Table 1 ). These results are in contradiction with those injected two quantities (1.5 or 2.6 ml) of the myotoxic drug into the muscles. We previously observed, using previously reported in mice showing fiber atrophy (1, 2, 27) after different types of muscle damage (cryodamage different samples from each muscle, that tissues were almost destroyed 1 day after injection, with some ne-or muscle autotransplantation). However, they are in agreement with those obtained in rats (39) after EDL crotic fibers persisting (unpublished observations). By 5 days, muscles were invaded by mononucleated cells injection with bupivacaine (i.e., under experimental conditions similar to ours). This study was done on muscles (lymphocytes, macrophages, satellite cells) (24) and very few myotubes were formed. We thus considered for times spanning the complete course of degeneration and regeneration (from 1 h to 180 days after bupiva-that muscle environment at this stage was optimal to favor proliferation and fusion of transplanted cells with caine-induced damage). In these conditions, the fiber sizes were smaller than those in controls until about 20 host satellite cells.
Muscles were observed 2 months after cardiotoxin days, but damaged muscle fibers grew faster than in controls and by 40 days were significantly larger. Con-injection. At this stage, tissues were almost completely regenerated and the two groups of cardiotoxin-treated sequently, results showing fiber atrophy or hypertrophy could depend either on the type of muscle damage or on TAs were composed of well-formed muscle fibers. However, they both presented central nuclei in numer-the selected times of observation during the process of regeneration. In addition, we showed that transfer of sat-ous fibers and the expression of MyHC slightly differed to that of untreated muscles. Thus, even if no develop-ellite cells increased muscle weights. In the two groups, left satellite cell transplanted TAs were significantly mental MyHC was detected by immunohistochemical staining, SDS PAGE analysis, or RT-PCR, it is notewor-heavier than those of the right side, which were only treated with cardiotoxin. These results are the con-thy that expression of type I MyHC was almost completely absent in both regenerated groups. In addition, sequence of muscle morphology alterations showing in particular a significant increase in the area of their the 2.6 ml-treated group presented on both right and left sides a significant shift in the proportions of IIa and IIx fibers.
Besides morphological alterations, one of the main MyHC isoforms, which increased and decreased, respectively, with respect to control.
results of these experiments concerns the functional characteristics of treated TAs. As shown in Table 1 , As previously emphasized (53), it is important to note that whereas the regeneration process is nerve indepen-maximal muscle force was similar in controls and in operated TAs, excepted the regenerated 1.5 ml TAs with-dent, the ultimate MyHC phenotype, particularly the type I MyHC isoform, is nerve dependent. The lack of out cell transplantation, whose force was significantly (20%) lower than all other TAs. The fatigue index was MyHC I expression under our experimental conditions may indicate that by 2 months after induction of degen-of the same order of magnitude in controls and TAs of the 1.5 ml group with or without transplantation. This eration, either the muscle is not fully regenerated or contrasts with both right and left 2.6 ml degenerated weight at the time of satellite cell transfer, we can estimate the total host population at 4-5 × 10 6 satellite cells. TAs whose fatigue index was significantly (50%) higher than the two former groups of TAs. It is noteworthy that
In our experiments, we transferred an average of 11.2 × 10 6 cells, which is roughly twice the amount of host sat-muscle degeneration induces the expression of numerous growth factors that may modulate muscle regenera-ellite cells. This is considerably less than the number of cells (30 × 10 6 per cm 3 ) used previously (44, 45) for the tion. These factors included extracellular matrix components and growth factors, such as FGFs, TGF-β, PDGF, highest successful transfers in primates, as evaluated by the percentage of β-Gal-positive fibers. This method is HGF, and members of the IGFs system [ (23, 29) ; for review, see (25) ]. It is tempting to suggest that muscles very different from our morphological and functional approaches with which we failed to obtain a correlation damaged with 2.6 ml of cardiotoxin expressed more regeneration-inducing factors that promoted a more pro-between the number of transplanted satellite cells and the level of muscle alterations. In addition, this result nounced proliferation of resident satellite cells. In this case, and under our measuring conditions, the number might be due to cell delivery conditions. We injected satellite cells parallel to muscle fiber orientation, the of transferred satellite cells might have been insufficient to induce a perceptible increase in muscle force, in con-most frequently used method when we performed our experiments (44) . However, it has been recently shown trast to 1.5 ml damaged muscles.
Most of the studies on muscle cell transplantation (45) that parallel injections spaced 1-1.5 mm apart, perpendicular to the muscle fiber orientation, was a better concerned allografts in the context of cell therapies for myopathies and these studies were done in association method to ensure a homogeneous distribution of myoblasts throughout the host muscle. with immunosuppression. Numerous studies have been devoted to autotransfer, either by autografts of minced Furthermore, although each group of regenerated muscles with or without transfer of satellite cells showed muscles or cell transplantation, but few have dealt with a functional approach, particularly in large mammals. a weight increase, it was not correlated with force production. A similar observation has been previously re-Thus, it has been shown in the mouse that cell transplantation in severely damaged muscles is more effective ported by Rosenblatt (40) , who showed that, following intramuscular injections of bupivacaine, the observed than in mildly damaged muscles (27) . This apparently contrasts with our data, which show that, under our ex-EDL hypertrophy was not paralleled by a proportional increase in absolute force. This was explained by an in-perimental conditions, muscles that received the upper dose of cardiotoxin with or without transfer exhibited a crease in intramuscular connective tissue and modifications in the orientation of muscle fibers (40) . However, maximal force of the same order of magnitude as the controls. In contrast, when TAs were damaged by the we did not observe an increase in the thickness of muscle fiber extracellular matrix under our experimental lower dose of cardiotoxin, their forces were significantly lower, but after satellite cell transfer they recovered to conditions. In fact, investigation on muscle morphology by evaluating the total number of fibers (32) from dam-values of the other groups. The reasons for such a discrepancy between the results of Irintchev et al. (27) and aged TA muscles showed that regeneration induces an anatomical reorganization of the tissue. Thus, control, ours are dependent upon experimental conditions. The former authors used cryodamage to induce degeneration, 1.5 ml, and 2.6 ml cardiotoxin regenerated TA contained 20,995 (n = 3), 23,664 (n = 2), and 29,977 (n = 2) fibers, a lesion that kills the endogenous myogenic cells in the host muscle. Under this condition, all muscle regenera-respectively. In addition, the occurrence of split or forked fibers was observed in some muscle zones (data not tion in a totally cryodamaged muscle will be produced only by the transplanted cells, therefore producing a shown), which might explain the increased dispersion of frequency distributions of fiber areas in regenerated clear difference between transplanted and nontransplanted severely damaged muscles. Under our experi-muscles compared with controls ( Fig. 1) . Thus, remodeling of muscle morphology (fiber number, section areas, mental conditions, cardiotoxin damage preserved the host satellite cells; thus, the regenerative capacity of the and split fibers) and an eventual modification in the orientation of muscle fibers with a change in their angle host muscle was intact and probably did not depend so highly on the addition of foreign myogenic cells.
of pinnation (40) might explain the lack of correlation between the increase in muscle mass and that of force We previously showed that the rabbit fast-twitch semimembranosus accessorius muscle (SMa) contains 0.66 × production.
In conclusion, these data show that muscle damage 10 6 satellite cells per gram of muscle (5) . Five days after cardiotoxin injection, we isolated 1.45 × 10 6 satellite alters muscle metabolism, the pattern of myosin heavy chain isoform gene expression, and, to a lesser extent, cells per gram of degenerated SMa (unpublished data). We can speculate that the fast-twitch TA has the same muscle contractile properties (force and fatigue resistance). However, muscle weight, fiber size, and number behavior as the fast-twitch SMa and contains a similar number of satellite cells. Then, as the TA is about 3 g are increased by muscle damage, the transfer of satellite
